The kinetic competition between electron-hole recombination and water oxidation is a key limitation for the development of efficient solar water splitting materials. In this study, we present a solution for solving this challenge by constructing a quantum dot-intercalated nanostructure. For the first time, we show the interlayer charge of the intercalated nanostructure can significantly inhibit the electron-hole recombination in photocatalysis. For Bi 2 WO 6 quantum dots (QDs) intercalated in a montmorillonite (MMT) nanostructure as an example, the average lifetime of the photogenerated charge carriers was increased from 3.06 μs to 18.8 μs by constructing the intercalated nanostructure. The increased lifetime markedly improved the photocatalytic performance of Bi 2 WO 6 both in solar water oxidation and environmental purification. This work not only provides a method to produce QD-intercalated ultrathin nanostructures but also a general route to design efficient semiconductor-based photoconversion materials for solar fuel generation and environmental purification.
Introduction
Photocatalysis provides a clean and sustainable way to solve current environmental and energy issues [1] [2] [3] [4] [5] [6] [7] [8] . Searching for efficient solar light driven photocatalysts has attracted substantial research interests and investigation. It is generally recognized the kinetic competition between electron-hole recombination and photocatalytic reaction is a key limitation for the development of efficient photocatalysts. Designing composite materials provides an alternative approach to facilitate photocatalytic reactions by suppressing the competing electron-hole recombination, making it an interesting research topic.
Layer structured montmorillonite (MMT) is a potential base material for fabricating high-performance photocatalysts. It is made up of highly anisotropic phyllosilicate layers with negatively charged interlayer surfaces [9, 10] . If photocatalyst particles can be intercalated into the interlayer galleries of MMT, the Nano Res. 2014, 7(10): 1497-1506 separation efficiency of the photogenerated charge carriers may be significantly improved by the negatively charged interlayer surface, which would facilitate the transferability of the photogenerated holes by electronic attraction. This suggests an exciting way to improve photocatalytic performance by fabricating MMT-based intercalated nanostructures. Previous studies have proved the feasibility of coupling photocatalysts with MMT to improve the photocatalytic performance in materials such as TiO 2 /MMT [11] [12] [13] [14] , CdS/MMT [15] , and ZnO/MMT [16] . However, TiO 2 can only be activated under UV light, and CdS and ZnO are unstable in photocatalytic use because of their photocorrosion phenomenon. Furthermore, most of the previous studies of MMT-based photocatalysts found that the improved photocatalytic performance was related to the larger specific surface area and the higher adsorption capacity of the composites [11] [12] [13] [14] [15] [16] . There has still been no investigation of the effect of the interlayer charges on the electron-hole recombination behavior, which is one of the fundamental limits in photocatalytic reactions. In addition, excellent solar light transmission is also desirable since light penetration improves the solar light utilization efficiency in an intercalated nanostructure. It is therefore necessary to develop a simple and low-cost method for preparation of ultrathin MMT.
In this paper, an ultrathin MMT was prepared by a facile hydration and freezing process as an excellent base material for fabricating high-performance photocatalysts. Bi 2 WO 6 , which is an inexpensive and robust photocatalyst for solar water oxidation [17] [18] [19] [20] [21] and environmental purification [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , was chosen to form a composite with MMT to construct an intercalated nanostructure. Considering that the photocatalytic activity of Bi 2 WO 6 mainly depends on the high oxidative ability of the photogenerated holes, the MMT/Bi 2 WO 6 intercalated nanostructure was anticipated to exhibit enhanced photocatalytic oxidation performance.
Experimental

Synthesis
Preparation of Na-MMT
Sodium-modified MMT (Na-MMT) was prepared by a suspension method which has been widely reported [38] [39] [40] . Typically, MMT powder (2 g) was dispersed in deionized water (35 mL) and Na 2 CO 3 (0.1 g) was subsequently added to this suspension. After vigorous stirring for 1.5 h at 70 °C , the obtained Na-MMT was collected by centrifugation, washed with deionized water, and dried for 12 h at 60 °C . For comparison, dehydrated Na-MMT was also prepared by calcination of the Na-MMT for 2 h at 450 °C .
Preparation of the ultrathin Na-MMT graphene analogue
The layered structures of Na-MMT can be expanded and partly exfoliated into ultrathin few layer structures by fully hydrating and freezing. For a typical synthesis, Na-MMT (1 g) was dispersed in deionized water (100 mL). After vigorous stirring for a certain time, the obtained Na-MMT dispersion was put into a freezer overnight. Then the frozen Na-MMT was thawed at room temperature. After ultrasonic treatment for 1 min, the dispersion was centrifuged at a speed of 8,000 rpm for 1 min, removing the un-exfoliated block residues from the dispersions. The obtained ultrathin expanded Na-MMT was dispersed in water and freeze-dried for further characterization.
Synthesis of Na-MMT/Bi 2 WO 6 QD composites
Sodium oleate (2.2 mmol) and Bi(NO 3 ) 3 ·5H 2 O (0.4 mmol) were successively added to distilled water (20 mL). An aqueous solution (20 mL) containing Na 2 WO 4 ·2H 2 O (0.2 mmol) and ultrathin Na-MMT (120 mg) was then injected into the above solution. After vigorous stirring for 2 h, the mixture was transferred to a 50 mL Teflon-lined autoclave, sealed and heated at 160 °C for 17 h. The system was then allowed to cool down to room temperature. The obtained solid products were collected by centrifugation, washed with n-hexane and absolute ethanol many times, and then freezedried for further characterization. For comparison, pure Bi 2 WO 6 QDs were also prepared according to our previously reported method [41] .
Characterization
The purity and the crystallinity of the as-prepared samples were characterized by powder X-ray diffraction (XRD) on a Rigaku Rotaflex diffractometer using Cu Nano Res. 2014, 7(10): 1497-1506 Kα radiation while the voltage and electric current were held at 40 kV and 100 mA. The transmission electron microscope (TEM) analyses were performed by a JEOL JEM-2100F field emission electron microscope. X-ray photoelectron spectroscopy (XPS) was carried out by irradiating every sample with a 320 μm diameter spot of monochromated aluminum Kα X-rays at 1486.6 eV under ultrahigh vacuum conditions (performed on ESCALAB 250, Thermo Scientific Ltd.). UV-vis diffuse reflectance spectra (DRS) of the samples were measured using a Hitachi UV-3010PC UV-vis spectrophotometer. The N 2 -sorption measurements were performed on Micromeritics Tristar 3,000 at 77 K. The specific surface area and the pore size distribution were calculated using the BrunauerEmmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. Time-resolved fluorescence spectroscopy (HORIBA Scientific FluoroCube) was employed to monitor the fluorescence emission decay of photoexcited carriers. This instrument adopts the time correlated single photon counting (TCSPC) technique. All of the measurements were conducted at room temperature in air.
Photocatalytic tests
Photocatalytic activities of the samples were evaluated by aqueous ammonia degradation and water oxidation under simulated solar light irradiation of a 500 W Xe lamp. For aqueous ammonia degradation, the reaction cell was put in a sealed black box of which the top was open. In each experiment, 0.05 g of the MMT/Bi 2 WO 6 QDs (53.6 wt.% Bi 2 WO 6 ) or 0.026 g of pure Bi 2 WO 6 QDs photocatalyst was added into 200 mL of NH 4 Cl solution (100 mg/L). The pH value of the NH 4 Cl solution was adjusted to 10.5 by aqueous NaOH. The concentration of NH 4 + /NH 3 was estimated using the distillation-neutralization-titration method. For O 2 production from water oxidation, 0.05 g of the MMT/ Bi 2 WO 6 QDs (53.6 wt.% Bi 2 WO 6 ) or 0.026 g of pure Bi 2 WO 6 QDs photocatalyst was dispersed in deionized water (200 mL) in a Pyrex cell with a quartz window on top. The amount of evolved O 2 was determined with an on-line gas chromatograph equipped with a thermal conductivity detector (NaX zeolite column, N 2 carrier). Nitrogen was purged through the cell before reaction to remove oxygen.
Results and discussion
Scheme 1 illustrates the whole synthesis procedure of the MMT/Bi 2 WO 6 intercalated nanostructure, including the synthesis process of the ultrathin Na-MMT base material. First of all, the original Na-MMT base material was fully hydrated in water. In this process, the diffusion of water molecules into interlayer spaces of the MMT expanded the interlayer spacing. From the XRD pattern in Fig. 1(a) , the hydrated Na-MMT has an interlayer spacing of d = 1.2 nm with 2θ = 7.3°. The interlayer spacing is increased by about 0.2 nm compared with that of the dehydrated Na-MMT sample. The layered structure of hydrated Na-MMT was further expanded to a partly exfoliated ultrathin nanostructure by a freezing process. As shown in Fig. 1(a) , the further expanded Na-MMT has an increased interlayer d-spacing of 1.26 nm with 2θ = 7.0°. Furthermore, the (001) peak of the ultrathin Na-MMT becomes relatively stronger than the other XRD peaks after freezing, revealing that the freezing process enhanced the ordering of the crystal structure along the c axis, leading to the formation of high-quality 2D ultrathin nanostructures. The expanded interlayer spacing in the swelling process facilitates the subsequent Bi 2 WO 6 intercalation by hydrothermal synthesis. Figure 1(b) shows the XRD patterns of pure Na-MMT and the MMT/Bi 2 WO 6 nanocomposites after hydrothermal treatment under the same conditions. Without adding Bi 2 WO 6 precursor, the original MMT sample exhibited a clearly (001) diffraction peak at 2θ = 7.0° with an interlayer d-spacing of 1.26 nm, which is the same as that of the untreated one. After reacting with Bi 2 WO 6 , the basal spacing of MMT increased from 1.26 nm to 2.1 nm, demonstrating that certain amount of Bi 2 WO 6 was intercalated into the interlayer galleries. Furthermore, the (001) diffraction peak of MMT became broader in the composite material, indicating that the layered structure become disordered and further exfoliated by the Bi 2 WO 6 intercalation. In addition to the characteristic (001) diffraction peak of MMT, the nanocomposites also exhibited distinctive diffraction peaks for orthorhombic Bi 2 WO 6 (JCPDS card No. 73-2020). There are no other impurity phases from the XRD profile. The average grain size of the Bi 2 WO 6 phase is calculated to be around 3 nm based on the Scherrer equation.
More information about the microstructure of the composite material was obtained from the TEM images. The low magnification TEM image in Fig. 2(a) shows the panoramic morphology of the MMT/Bi 2 WO 6 composite material. One can observe that the Bi 2 WO 6 quantum dots (QDs) are uniformly spread over the MMT base material. These QDs are located both on the surface and in the interlayers, resulting in an obvious diffraction contrast in TEM image. A closer TEM image (Fig. 2(b) ) reveals that the MMT base material has an ultrathin sheet-like structure and some nanosheets were crumpled. A higher magnification TEM image (Fig. 2(c) ) clearly shows both the edge of the ultrathin MMT base material and the nanostructure of the Bi 2 WO 6 QDs (marked with arrows). The sizes of the Bi 2 WO 6 QDs on the surface were estimated about 2-3 nm. This value is close to Nano Res. 2014, 7(10): 1497-1506 that calculated from the Scherrer formula based on XRD. Besides, some smaller Bi 2 WO 6 QDs of low contrast with a size around 1 nm were also observed in the interlayer regions. Further insight into the morphology of the composite material is provided from the high magnification TEM image shown in Fig. 2(d) , which presents a view of several stacking layers of MMT nanosheets, indicating that the MMT base material retained the basic layered structure after intercalation. Analyses of the interlayer d-spacing in Fig. 2(d) further confirmed the intercalation of the Bi 2 WO 6 QDs in the interlayer regions. The TEM image in Fig. 2(d) demonstrates a non-uniform interlayer spacing of the MMT base material after intercalation. The wider interlayer d-spacing was estimated about 2.1-2.2 nm, which is similar to that calculated from the XRD pattern. The narrower interlayer d-spacing was estimated to be around 1.16 nm, which is smaller than the interlayer d-spacing of the pure MMT material. This indicates that the intercalation of Bi 2 WO 6 QDs in the interlayer of MMT increases the interlayer spacing in part of the material whilst decreasing it in the remainder of the material.
The nitrogen adsorption-desorption isotherms for MMT and the composite material are shown in Fig. S1 in the Electronic Supplementary Material (ESM). Both adsorption-desorption profiles displayed IV-type isotherms with a H3 type hysteresis loop according to Brunauer-Deming-Deming-Teller (BDDT) classification, indicating the presence of mesopores with a slit-like shape [42] . The amounts of N 2 adsorbed on the composite material were much larger than that on pure MMT (Fig. S1(a) in the ESM) . This indicates that the porous structure was significantly enhanced by intercalation of the QDs. The mesoporous structures of the samples are also indicated by the pore size distributions which are shown in Fig. S1(b) in the ESM. The pore diameter at the peak for pure MMT was 1.89 nm, while the MMT/Bi 2 WO 6 composites exhibited multiple peaks located at 2.35 nm, 4.36 nm, and 6.07 nm. The increased pore size in the MMT/Bi 2 WO 6 composite material further confirms the intercalation of QDs in the interlayer of MMT. The pore size distribution can be attributed to the presence of both intercalated and partially exfoliated structures, as seen in the XRD pattern and TEM images above. The specific surface area of the pure MMT sample was calculated to be 47.44 m 2 / g according to the BET method. The total pore volume was 0.102 cm 3 /g at a relative pressure (p/p 0 ) of 0.994. Under the same conditions, the BET surface area and the total pore volume of MMT/Bi 2 WO 6 QDs were increased to 87.24 m 2 /g and 0.8635 cm 3 /g, respectively. The significant increase in BET surface area and total pore volume also is additional evidence of the intercalation of the QDs into the interlayer galleries of MMT.
To investigate the surface chemical states of the Bi and W elements in the MMT/Bi 2 WO 6 composite material, XPS measurements were conducted, with a sample of pure Bi 2 WO 6 QDs selected as a contrast. As shown in Fig. 3(a) (Fig. 3(b) ). The lower binding energy of Bi and W elements in the composite material may be attributed to its intercalated nanostructure, where the negative charge on the layers reduces the oxidation states of the surface Bi and W elements.
The optical absorption properties of the prepared MMT/Bi 2 WO 6 QDs composite material was investigated by UV-vis diffuse reflectance spectroscopy, and the result is shown in Fig. 4 . The pure Bi 2 WO 6 QDs exhibited an intense UV-vis light absorption at wavelengths shorter than 410 nm. Because of the quantum confinement effect, the absorption edge of the Bi 2 WO 6 QDs was obviously blue-shifted compared with an ordinary nanoscale Bi 2 WO 6 , for which the absorption edge is usually located at 450 nm. More remarkably, the absorption edge of the composite material is shifted to even shorter wavelengths compared with the pure QD sample. The further blue shift of the absorption edge may be ascribed to the smaller grain size of the intercalated QDs in the composite material. The photocatalytic activity of the MMT/Bi 2 WO 6 QDs composite material was evaluated using water oxidation and ammonia degradation as probe reactions. The O 2 evolution from pure water under simulated solar light irradiation was examined over the asprepared samples. As shown in Fig. 5(a) , the composite material showed an average O 2 evolution rate of 67 μmol/h within 5 h, which was nearly 1.4-fold higher than that of pure Bi 2 WO 6 QDs. No O 2 was found for pure MMT under the same conditions. The photocatalytic performance was further investigated by the degradation of aqueous ammonia, which is a major nitrogen-containing pollutant in the environment. It has been reported NH 4 + is prone to reside in the interlayer space of MMT-based materials as an exchangeable ion [43] . Therefore, photocatalytic oxidation Nano Res. 2014, 7(10): 1497-1506 of aqueous ammonia could better reveal the influence of interlayer charge on the photocatalytic performance. An initial concentration of 100 mg/L NH 4 + /NH 3 was used throughout the photocatalytic tests. As shown in Fig. 5(b) , the concentration of NH 4 + /NH 3 decreased from the initial value of 100 mg/L to approximately 30.5 mg/L after photocatalytic oxidation by MMT/ Bi 2 WO 6 QDs for 1.5 h. Nearly 70% of the ammonia was degraded by this composite material. Under the same conditions, only about 24% of the ammonia was degraded by pure Bi 2 WO 6 QDs, indicating an obviously poorer performance compared with the MMT/Bi 2 WO 6 QDs composite material. Note that the improvement in MMT/Bi 2 WO 6 QDs relative to that of pure Bi 2 WO 6 QDs was even greater for ammonia oxidation than for water oxidation. To ensure that the improved photocatalytic oxidation of aqueous ammonia by the composite material is not ascribed to ammonia adsorption by MMT or the volatilization of NH 3 , a mediated blank experiment with MMT/Bi 2 WO 6 was conducted in the dark under the same conditions. It was found the concentration of ammonia decreased only by about 10% after 1.5 h. This suggests that the significant decrease in concentration of NH 4 + /NH 3 for the MMT/Bi 2 WO 6 suspension under irradiation is mainly a result of a photocatalytic process.
The much enhanced photocatalytic performance can be ascribed to the MMT-based intercalated nanostructure which has negatively charged interlayer surface. It is well known that photocatalytic activity is closely related to the behavior of photogenerated charge carriers. The negatively charged interlayer surface of MMT is expected to facilitate the separation and transfer of the photogenerated charge carriers. More specifically (as shown in Scheme 2), under simulated solar light irradiation, the photogenerated holes could migrate to the surface quickly under the electronic attraction from the negatively charged interlayer surface. The effective hole transfer to the surface further improved the separation rate of the charge carriers once they were generated in the Bi 2 WO 6 photocatalyst. For the Bi 2 WO 6 photocatalyst, the photocatalytic performance mainly depends on the high oxidative ability of its photogenerated holes. In the composite material, both the improved charge separation and the enhanced hole migration can be considered to increase the number of photogenerated holes that take part in the photocatalytic reaction on the surface, resulting in the markedly enhanced photocatalytic performance in solar water oxidation and ammonia degradation. To confirm this hypothesis, we investigated the decay behavior of the photogenerated charge carriers in the composite material. Figure 6 shows the time-resolved fluorescence emission decay spectra of the MMT/Bi 2 WO 6 QDs and pure Bi 2 WO 6 QDs. The decay curves of these two samples are obviously multi-exponential including nonradiative and radiative decay. It is clear that the decay kinetics of the MMT/Bi 2 WO 6 QDs is much slower than that of pure Bi 2 WO 6 QDs. The average fluorescence lifetimes obtained via multi-exponential decay fitting are 18.8 and 3.06 μs for the MMT/Bi 2 WO 6 QDs and pure Bi 2 WO 6 Scheme 2 Schematic illustration of the charge carrier transfer process in the MMT/Bi 2 WO 6 composite material.
Figure 6
Fluorescence emission decay spectra of the MMT/ Bi 2 WO 6 QDs and pure Bi 2 WO 6 QDs, excited at 280 nm and monitored at 400 nm. Nano Res. 2014, 7(10): 1497-1506 QDs, respectively. This confirms that the migration of photogenerated holes to the negatively charged interlayer surface must be involved, and that this retards the recombination of the charge carriers and increases their lifetime.
Conclusions
The results presented in this study highlight the significant effect of an intercalated nanostructure on the electron-hole separation in a semiconductor-based photoconversion process. We have demonstrated the feasibility of fabricating MMT-based interacted nanostructures to improve the photocatalytic activity of Bi 2 WO 6 QDs. The as-fabricated MMT-based composite material exhibited extremely enhanced photocatalytic performance both in solar water oxidation and ammonia degradation. The significantly improved photocatalytic performance can mainly be ascribed to the interlayer charge induced inhibition of electronhole recombination. The resulting better understanding of the charge transfer behavior in the intercalated nanostructure is of great importance for developing other similar high-performance photoconversion material.
